Introduction
With the introduction of new high-throughput DNA sequencing techniques capable of generating millions/billions of sequence reads per run, genomic research is advancing faster than ever (1) (2) (3) (4) . In the eld of paleogenetics, the rst complete nuclear genome has yet to be recovered, but major sequencing projects of woolly mammoth (5) and Neanderthal (6) are heading what has been called the "third wave" of progress in ancient DNA (aDNA) studies (7) . ese new sequencing platforms generate large quantities of protein coding data, which will undoubtedly assist in the study of molecular evolution, functional genomics, and adaptation. In addition to coding data, the huge number of randomly ampli ed sequences provides the opportunity to search for microsatellites or short tandem repeats (STRs). ese non-coding sequences with a high rate of mutation are applied as markers in a wide array of genetic research, especially in relation to forensics, modern population biology, and parentage analyses.
A limited number of successful STR amplifications have been reported from ancient substrates using "modern" STRs as templates (8-10) but to our knowledge, no microsatellite primers developed directly from aDNA templates (let alone extinct species) have been published prior to this study.
is is likely due to complications in traditional microsatellite library construction as the result of the degraded and cross-linked nature of ancient DNA (11) . Greenwood et al. (10) managed to amplify a single microsatellite locus in woolly mammoth using primers developed for modern elephants. However, to rely solely on primers developed for related modern taxa, when targeting microsatellites in extinct ones, is problematic because of possible low cross-species ampli cation rates and chance of monomorphism in the target species (12, 13) . is is especially pertinent in taxa such as moa, where the likelihood of crossspecies ampli cation is limited as a result of the >80 million years that separate moa from their closest living relatives among the ratite birds (14) . Consequently, the chance of identifying polymorphic microsatellite markers in ancient DNA templates of an extinct taxon seems greatly enhanced when the potential markers have been identi ed directly on the target species.
e Roche GS-FLX (454 Life Sciences, Branford, CT, USA) sequencing technology is currently capable of producing 0.1 gigabases per run with a read length averaging 200-300 nucleotides-a sequence size that allows for the presence of an STR and su cient anking regions to design primers. A GS-FLX run was conducted on a Pachyornis elephantopus (heavy-footed moa) bone extract to identify a series of microsatellite loci. To illustrate the viability of this technique, we identi ed an (AC) 12 microsatellite (directly from raw GS-FLX data) and demonstrated crossspecies ampli cation in three species of moa. All eleven New Zealand moa species were driven to extinction in the early 15th century, following the arrival of Polynesians. Identication of new STR markers, such as described here, will enable detailed DNA pro ling of extinction processes and past population dynamics of these ancient ratites.
Materials and methods
Sampling of moa fossils and DNA isolation Sampling of moa fossils was conducted by drilling out cylindrical elements (diameter of 1 cm) of moa tibiotarsal bones using a power drill and diamonddust coated drill bits. Each sample was then ground into bone powder using a Dremel tool (Part no. 114; Racine, WI, USA). To minimize the incorporation of any possible DNA contamination present on the bones, the bone surfaces and the inner porous parts were excluded, and only solid cortical bone was processed. Contamination from external sources-as well as cross-contamiIdenti cation of microsatellites from an extinct moa species using highthroughput (454) sequence data Genetic variation in microsatellites is rarely examined in the eld of ancient DNA (aDNA) due to the low quantity of nuclear DNA in the fossil record together with the lack of characterized nuclear markers in extinct species. 454 sequencing platforms provide a new high-throughput technology capable of generating up to 1 gigabases per run as short (200-400-bp) read lengths. 454 data were generated from the fossil bone of an extinct New Zealand moa (Aves: Dinornithiformes). We identi ed numerous short tandem repeat (STR) motifs, and here present the successful isolation and characterization of one polymorphic microsatellite (Moa_MS2). Primers designed to ank this locus ampli ed all three moa species tested here. e presented method proved to be a fast and e cient way of identifying microsatellite markers in ancient DNA templates and, depending on biomolecule preservation, has the potential of enabling high-resolution population genetic studies of extinct taxa. As sequence read lengths of the 454 platforms and its competitors (e.g., the SOLEXA and SOLiD platforms) increase, this approach will become increasingly powerful in identifying microsatellites in extinct (and extant) organisms, and will a ord new opportunities to study past biodiversity and extinction processes. nation between samples-was minimized by thoroughly cleaning equipment and sampling environment (with 10% bleach and 100% alcohol) between the processing of each individual. To minimize the risk of a ubiquitous DNA contaminant being present on all the bones, fossils representing three di erent moa species-from two di erent sites, and from several di erent museum/ university collections-were included (Supplementary Table 1 ). Pyramid Valley and Bell Hill Vineyard Swamp both represent late Holocene deposits in North Canterbury, New Zealand, with a known fossil record spanning app. 3700-700 bp (15, R.N.H. unpublished data).
DNA was extracted from 200 mg of bone powder through incubation with rotation at 55°C for 48 h in 1.5 mL digestion bu er [20 mM Tris, pH 8.0, 1% Triton X-100, 10 mM dithiotheitol (DTT), 1 mg/mL proteinase K and 0.5 M EDTA]. e supernatant was spun through Centricon 30,000 molecular weight cut-o (MWCO) ultraltration devices (Millipore, Billerica, MA, USA) columns combined with 5 volumes of PBI bu er (Qiagen, Valencia, CA, USA) and DNA was then extracted using silica spin columns (Qiagen) and cleaned with AW1 and AW2 wash buffers (Qiagen) before nal elution in 60 μl of 10 mM Tris bu er. For species identi cation, and to con rm the relative quantities of aDNA in the fossil extracts, a 242-bp sequence of moa mitochondrial control region was ampli ed (by qPCR) using the species-speci c primer set 262f/441r (Supplementary Figure 3) and then sequenced as described in Bunce et al. (16) (data not shown).
GS-FLX sequencing, microsatellite primer development and PCR
A DNA extract from a single moa individual (P. elephantopus) from the Bell Hill Vineyard Swamp, which demonstrated good qPCR ampli cation and long nuclear amplicons (data not shown), was picked for a quarterplate run on a GS-FLX instrument (Center for Comparative Genomics and Bioinformatics, Pennsylvania State University, PA, USA). The moa DNA library was constructed, as previously described (5, 17) , with the modi cation of leaving the extracted DNA unsheared before blunt-ending and phosphorylating the DNA fragments by enzymatic polishing using T4 DNA polymerase, T4 polynucleotide kinase, and E. coli DNA polymerase. e blunt-ended, double stranded DNA fragments were then subjected to adapter ligation followed by isolation of the single-stranded template DNA (sstDNA). Subsequently, DNA library fragments were captured onto beads and clonally ampli ed within individual emulsion droplets (emPCR). e emulsions were disrupted using isopropanol and beads containing ampli ed DNA fragments were enriched and recovered for sequencing. e recovered sstDNA beads were packed onto a quarter division of a 70 mm × 75 mm PicoTiterPlate (454 Life Sciences) and loaded onto the GS-FLX sequencing system as previously described (5) . e sequencing run yielded 79,796 sequences averaging 112 bp in length. Subsequently, the data were screened for STR sequences using MSATCOMMANDER (18) and a total of 195 di-, tri-, and tetranucleotide repeat sequences were detected (23 of them with six or more repeats). Seven of these proved particularly promising, with anking regions of su cient lengths and a base composition suitable for primer design ( Figure 1A and Supplementary Figure 2 ). e sequence chosen for initial trial was clone # 103234_2765_0456, a 158-bp sequence which included an (AC) 12 dinucleotide repeat ( Figure 1A , GenBank accession no. FJ513189). Primers were then manually designed from this original clone to target a 114-bp sequence, designated Moa_MS2 ( Figure 1A) .
Each microsatellite PCR was conducted in a 25-μL volume containing 2 μL DNA extract, 1 μL 10mg/mL bovine serum albumin (BSA), 1 μL each of 10 mM for ward (5 -TGAGCACCA ATA-CAACTTCATGG-3 ) and reverse primer ermal cycling was initiated with a 3-min 95° denaturation step followed by 50 cycles of 95° for 20 s, 57° for 45 s, and 72° for 45 s. A nal extension was carried out at 72° for 10 min to maximize adenylation. Negative extraction and ampli cation controls were always included. DNA fragments were separated on an ABI 3730 genetic analyzer and sized by co-running a Genescan LIZ500 size standard (Applied Biosystems, Foster 
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City, CA, USA). DNA fragments were scored manually with the aid of GENEMARKER version 1.5 (So Genetics, State College, PA, USA). To check the integrity of the microsatellite, several individual Moa_MS2 amplication products were cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) and sequenced using vector speci c M13 primers according to the manufacturer's instructions. Comparisons of the clone sequence data with the original GS-FLX clone con rmed that the Moa_MS2 locus was ampli ed (data not shown). In accordance with aDNA guidelines, DNA extractions and PCR setup occurred in separate and dedicated aDNA facilities at Murdoch University (Perth, Australia).
Results and discussion
Of the 74 bone DNA extracts prescreened with mtDNA control region amplifications, 52 amplified with the Moa_MS2 primers. e generated chromatographs were consistent with expected dinucleotide STR patterns (including stutters and A+ peaks, see Figure 1B and Supplementary Figure  1 ). e Moa_MS2 locus yielded a total of 13 di erent alleles in the three extinct moa genera tested here (Dinornis, Pachyornis, and Euryapteryx). Summary statistics for this single locus are presented in Table 1 . Because of the relatively low quality of the template molecules in the fossils, some alleles did not always amplify with the same e cacy in heterozygotes, and allele dropout was observed on occasion. is is not totally unexpected for microsatellites in ancient or low copy number substrates (19) , and when this marker is applied in actual population research (M.A., R.N.H., and M.B., unpublished data), these issues would need to be accounted for through multiple replicates and established protocols (20, 21) . The chromatographs shown in Figure 1B are a sample of pro les (two homozygotes and two heterozygotes) obtained from 4 moa fossils and demonstrate the 2-bp stuttering characteristic of dinucleotide STR in addition to A+ peaks. Other chromatographs can be found in the supplementary information (Supplementary Figure 1) . e developed primer set ampli ed across all the three moa genera tested, and-more importantly-displayed polymorphism (Table 1) , making it ideal for population studies. Attempts to amplify the Moa_MS2 Characteristics of the microsatellite locus Moa_MS2 that was optimized for use in three extinct Moa species, including the South Island giant moa (D. robustus), stout-legged moa (E. gravis) and the heavy-footed moa (P. elephantopus). Descriptive measures include n, the number of individuals; NA, number of alleles; NE, effective number of alleles; HO, observed and HE, expected heterozygosity and FIS, Wright's fixation index as a measure of heterozygote deficiency/excess.
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BioTechniques locus in other ratites (emu, ostrich, rhea) were unsuccessful but considering the deep split to the most recent common ancestor, this was not unexpected. Since this study serves to document the use of high-throughput sequence data as a source of microsatellites, a further characterization of the allelic diversity in relation to the various moa species is beyond the scope of this proof-ofconcept paper. Clearly, population genetic analyses based on microsatellite data require multiple polymorphic loci. Signi cantly, our results demonstrate how several potential markers were identi ed in this quarter-plate GS-FLX run. Although only one STR has been evaluated here, at least seven STRs appeared potentially suitable as genetic markers ( Figure S2 ). Given that birds exhibit a relatively low frequency of microsatellites (22), the frequency of detected microsatellites per run may be even greater in other vertebrate lineages. We screened 64,000 clones of GenBank mammoth data (5), generated using the GS-20 sequencing platform (454 Life Sciences), for microsatellites and identi ed 15 STRs with ≥6 repeating units (data not shown). e shorter read lengths of the GS-20 ( 100 bp), used in the mammoth study, likely explain the slightly lower frequency of identi ed microsatellites (0.023%) when compared with the GS-FLX ( 200bp) moa run (0.029%). The characterization of DNA from the fossil record is not without challenges. In fossil bones recovered from soil, a fraction of the present biomolecules is likely to be of bacterial or fungal origin, see (5, 23) . Moreover, museum specimens are commonly contaminated with human DNA from previous handling (24) . When using shotgun sequencing methods such as the ones described here, all DNA molecules in an extract are ampli ed with equal chance (however, see Reference 25) , including any exogenous DNA. Hence, in theory, there is a potential risk of identifying microsatellitesand even conduct population analyses-for the microbial ora/fauna or other contaminants associated with the fossils instead of the target species itself. With regard to the data presented here, we consider human contamination unlikely because the anking regions of Moa_MS2 demonstrated no signi cant matches when queried against the human genome database. e paucity of environmental microbe sequences in GenBank makes a similar approach to detect microbes more problematic, but in the case of Moa_MS2, it is unlikely to be of microbial origin for the following reasons:
(i) ough present, microsatellites are much scarcer in prokaryotes and fungus compared with higher eukaryotes (26) (27) (28) (29) . (ii) Many heterozygotes were detected among the 52 genotyped moa, whereas the haploid nature of bacteria should generate only one allele per clone. (iii) Fungi exist in a variety of ploidy states, and we never observed more than 2 alleles in any of the fossil bone pro les. (iv) Fossils from di erent collections and originating from very different depositional environments in New Zealand with di erent microbial communities still yielded reproducible ampli cations. (v) Allele frequencies di ered among species (see Supplementary  Table 2 ); for example, alleles 106, 114, and 124 are considered "private" alleles for Pachyornis, Dinornis, and Euryapteryx respectively. ese ndings are incompatible with the possibility that the locus is not of moa origin. (vi) Lastly, the qPCR data presented in Supplementary Figure 3 show a signi cant di erence (t-test, P = 0.000038) between mean mtDNA control-region Ct values for those DNA extracts that yielded a Moa_ MS2 pro le (mean Ct = 32.4) and those that yielded mtDNA but failed to amplify the Moa_MS2 locus (mean Ct = 36.7). Fossils with poor mtDNA preservation (high Ct values) had a lower success rate for ampliBioTechniques cation of the nuclear marker. A quantitative correlation, such as observed here, should not exist if the microsatellite originated from a source other than moa.
In summary, data generated using a highthroughput DNA sequencing technique were pivotal in identifying a polymorphic microsatellite marker in the extinct New Zealand moa. Mining genomic data for microsatellites is especially relevant to aDNA where the preservation is not conducive to more traditional approaches of library enrichment and construction. We argue that STRs identi ed using shotgun sequencing approaches, coupled with better DNA isolation techniques, will facilitate research into high-resolution ancient population genetics similar to those currently conducted on extant species.
As average 454 read lengths increase to 400 bp (30) and the costs of sequencing decrease, the number of potential microsatellite markers identi ed per run can increase dramatically. It may not be long before shotgun sequencing will replace traditional enrichment library approaches, with one major benefit being the large amount of ancillary mitochondrial and nuclear data that are generated. Moreover, when enrichments steps are combined with coded primers (31), it will be possible to generate microsatellite libraries from multiple species simultaneously. In the context of aDNA, the use of enrichment steps may present a number of additional technical challenges (such as the extent of cross linking) and may be dependent on DNA preservation within the substrate.
